Sororin Is Required for Stable Binding of Cohesin to Chromatin and for Sister Chromatid Cohesion in Interphase  by Schmitz, Julia et al.
Current Biology 17, 630–636, April 3, 2007 ª2007 Elsevier Ltd All rights reserved DOI 10.1016/j.cub.2007.02.029Report
Sororin Is Required for Stable Binding
of Cohesin to Chromatin and for
Sister Chromatid Cohesion in InterphaseJulia Schmitz,1 Erwan Watrin,1 Pe´ter Le´na´rt,1
Karl Mechtler,1 and Jan-Michael Peters1,*
1Research Institute of Molecular Pathology (IMP)
Dr. Bohr-Gasse 7
A-1030 Vienna
Austria
Summary
Sister chromatid cohesion depends on cohesin [1–3].
Cohesin associates with chromatin dynamically
throughout interphase [4]. During DNA replication,
cohesin establishes cohesion [5], and this process
coincides with the generation of a cohesin subpop-
ulation that is more stably bound to chromatin [4]. In
mitosis, cohesin is removed from chromosomes, en-
abling sister chromatid separation [6]. How cohesin
associates with chromatin and establishes cohesion
is poorly understood. By searching for proteins that
are associated with chromatin-bound cohesin, we
have identified sororin, a protein that was known to
be required for cohesion [7]. To obtain further insight
into sororin’s function, we have addressed when dur-
ing the cell cycle sororin is required for cohesion. We
show that sororin is dispensable for the association
of cohesin with chromatin but that sororin is essential
for proper cohesion during G2 phase. Like cohesin,
sororin is also needed for efficient repair of DNA dou-
ble-strand breaks in G2. Finally, sororin is required for
the presence of normal amounts of the stably chroma-
tin-bound cohesin population in G2. Our data indicate
that sororin interacts with chromatin-bound cohesin
and functions during the establishment or main-
tenance of cohesion in S or G2 phase, respectively.
Results and Discussion
Sororin Is Associated with Chromatin-Bound
Cohesin
Vertebrate cohesin complexes are composed of the
core subunits Smc1, Smc3, Scc1/Rad21, and either
the SA1 or SA2 protein [8, 9]. During interphase, up to
60% of these complexes are chromatin bound [4]. The
remaining cohesin molecules are present as soluble
complexes, predominantly in the nucleoplasm, where
they are associated with Pds5A, Pds5B, and Wapl
[9–12]. Like the core cohesin subunits, Pds5A and
Pds5B are needed for proper cohesion [10], and Wapl
is required for the dynamic association of cohesin with
chromatin [11, 12]. Sororin is also able to associate
with cohesin, either as a recombinant protein in vitro or
after transient overexpression in cells [7], but endoge-
nous sororin has so far not been detected in association
with cohesin [12].
*Correspondence: peters@imp.univie.ac.atTo search for additional cohesin-associated proteins,
we purified the chromatin-bound form of cohesin from
HeLa interphase cells. Chromatin proteins were solubi-
lized by sonication and DNase treatment, cohesin was
isolated with Smc3 antibodies, and immunoprecipitated
proteins were analyzed by in solution digest and mass
spectrometry. In addition to the core cohesin subunits
and Pds5A, Pds5B, and Wapl, sororin could reproduc-
ibly be detected in these samples (Figure 1A). The num-
ber of detected sororin peptides was very small, imply-
ing that sororin binds to cohesin substoichiometrically
or that sororin dissociates from cohesin during the
isolation procedure. Consistently, we could not detect
sororin by SDS-PAGE and silver staining of chromatin-
bound cohesin samples (Figure 1B).
To confirm the mass spectrometry data, we raised
peptide antibodies to sororin. In immunoblot experi-
ments, these antibodies recognized a 35 kDa band in to-
tal HeLa extracts. This band could be depleted by trans-
fection of HeLa cells with sororin siRNAs and it could be
enhanced by transient overexpression of sororin from
a cDNA, indicating that this band represents sororin
(Figure 1D). In cohesin samples purified from chromatin,
the same sororin band could be detected by immuno-
blotting (Figure 1C). We could also detect sororin by
immunoblotting in cohesin immunoprecipitates from
soluble fractions, although not as reproducibly as in
immunoprecipitates from solubilized chromatin (data
not shown), perhaps because most sororin is chromatin
bound in interphase ([7]; data not shown). Endogenous
sororin therefore associates with cohesin in interphase,
and at least some of these interactions occur while
cohesin is bound to chromatin.
Sororin Is Dispensable for the Association
of Cohesin with Chromatin
Depletion of sororin from HeLa cells results in accumu-
lation of mitotic cells with precociously separated sister
chromatids [7] (Figures 2C and 2D), but it is unknown
whether this phenotype is caused by a defect in the
loading of cohesin onto chromatin, by a defect in the es-
tablishment and maintenance of cohesion during S and
G2 phase, or by precocious removal of cohesin from
chromosomes in mitosis. It has been speculated that
the function of sororin may be required during S phase
because sororin levels are decreased by proteolysis in
G1 and then increase again in S phase [7], but this
hypothesis has not been tested yet.
We therefore first analyzed whether sororin is required
for the association of cohesin with chromatin. We trans-
fected logarithmically proliferating HeLa cells with so-
rorin siRNAs and measured cohesin levels by immuno-
fluorescence microscopy (IFM) 60 hr later (Figures 2A
and 2B). Staining of spread chromosomes with Giemsa
showed that 81% of all mitotic cells had precociously
lost cohesion at this time, indicating that sororin had
been depleted efficiently (Figures 2C and 2D). To obtain
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631Figure 1. Sororin Interacts with Chromatin-
Bound Cohesin
(A) Mass spectrometry analysis of Smc3 im-
munoprecipitates from solubilized chroma-
tin. Mascot scores, number of peptides, and
sequence coverage are shown. Extracts
were obtained from HeLa cells synchronized
in G2 by 6 hr release from a 24 hr thymidine
arrest. Chromatin proteins were solubilized
by sonication and DNase treatment.
(B) Silver-stained gel showing Smc3 immuno-
precipitates from solubilized chromatin ob-
tained as described in (A).
(C) Immunoblotting of Smc3 immunoprecipi-
tates from solubilized chromatin obtained
as described in (A). Immunoprecipitates (IP)
were obtained with Smc3 antibody (Smc3)
or a control antibody (cntrl) and analyzed by
immunoblotting with the indicated anti-
bodies. Sor, sororin.
(D) Detection of sororin by immunoblotting.
Total cell extracts were prepared from loga-
rithmically proliferating HeLa cells trans-
fected with control or sororin siRNAs for
48 hr or transiently transfected with a vector
expressing wild-type sororin for 24 hr (over-
expr.). Sororin levels were analyzed by immu-
noblotting. a-Tubulin was immunoblotted as
a loading control.internal controls for the IFM measurements, we mixed
the cells transfected with sororin siRNAs with untrans-
fected HeLa cells expressing CENP-A-EGFP as a marker
protein, and we seeded the cells together on coverslips.
To visualize the chromatin-bound population of cohesin,
cells were preextracted to remove soluble proteins be-
fore they were processed for IFM. Cohesin was stained
with an antibody that specifically recognizes Scc1 in IFM
experiments [13]. Quantification of IFM signal intensities
revealed that sororin-depleted interphase cells con-
tained as much Scc1 on their chromatin as control
cells (Figure 2B). By contrast, depletion of the cohesin
loading factor Scc2 [13, 14] caused an almost 2-fold
reduction in Scc1 signals, indicating that these IFM
measurements were sensitive enough to be able to de-
tect changes in cohesin levels on chromatin. We there-
fore conclude that normal amounts of sororin are not
essential for the association of cohesin with chromatin.
Sororin Is Required for Normal Sister Chromatid
Cohesion during G2 Phase
Next we addressed whether sororin is required for sister
chromatid cohesion in G2 cells. We synchronized HeLa
cells by double thymidine treatment, transfected them
with sororin siRNAs after release from the first thymidine
arrest, and processed G2 cells 5 hr after release from the
second arrest for DNA fluorescence in situ hybridization
(FISH) (Figure 3A). To assess the degree of sororin
depletion, we also collected mitotic cells 4 hr later
when cells began to enter mitosis and performedchromosome spreads. Under these experimental condi-
tions, we reproducibly observed that only about 50% of
all mitotic cells had precociously lost cohesion (Fig-
ure 3D), presumably because cells were analyzed al-
ready 32 hr after transfection with siRNAs (in contrast
to 60 hr after transfection in the previous experiment).
As positive and negative controls, we analyzed cells
transfected with Scc1 and Sgo1 siRNAs, respectively.
Depletion of Scc1 causes cohesion defects that are de-
tectable by FISH [15], whereas Sgo1 is a protein that is
believed to protect cohesion in the early stages of mito-
sis but not in interphase [16–19]. Depletion of Sgo1
would thus not be expected to cause cohesion defects
in G2.
To analyze sister chromatid cohesion in these cells,
we measured the distance between paired FISH signals.
We used a FISH probe that recognizes a locus that is tri-
somic in HeLa cells, and this probe therefore labels three
pairs of sister chromatids in G2 cells (Figure 3B). In
control- and Sgo1-depleted cells, the distance between
paired FISH signals was near the resolution limit of the
microscope, and only about half of the paired signals
were resolved clearly enough to allow accurate distance
measurements. We therefore included only these
signals in our analysis. In control cells, the average
interchromatid distance, as judged by our FISH mea-
surement, was 0.34 mm. As predicted, Sgo1 depletion
did not change the distance between FISH signals
significantly, implying that Sgo1 function is indeed dis-
pensable for cohesion in G2. In contrast, FISH signals
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Chromatin
(A) Immunostaining of chromatin-bound Scc1 in control-, sororin-,
and Scc2-depleted interphase cells. HeLa cells were transfected
for 48 hr with siRNAs as indicated, mixed with HeLa cells stably ex-
pressing CENP-A-EGFP, and seeded onto coverslips. 12 hr later,
cells were preextracted prior to fixation and stained for Scc1. DNA
was counterstained with Hoechst. Red circles denote HeLa CENP-
A-EGFP cells. Scale bar represents 10 mm.
(B) Quantification of Scc1 fluorescence intensities obtained in the ex-
periment shown in (A). Scc1 fluorescence intensities of siRNA-trans-
fected interphase cells were normalized to Scc1 fluorescence inten-
sities of neighboring untransfected interphase cells marked by
CENP-A-EGFP (mean6 SD; nR 120 per condition). The asterisk de-
notes a significant difference according to Student’s t test (p < 0.01).were on average 0.71 mm apart in sororin-depleted cells
and 0.66 mm apart in Scc1-depleted cells (Figure 3C).
Sororin depletion thus causes a cohesion defect in G2
cells that is as severe as the defect that is caused by
depletion of cohesin itself.
Cohesin and Sororin Are Required for Efficient DNA
Double-Strand Break Repair in G2 Cells
In budding yeast, it has been shown that cohesin’s abil-
ity to establish sister chromatid cohesion is required in
G2 for efficient repair of DNA double-strand breaks
(DSBs) [20], and a number of observations are consis-
tent with the possibility that cohesin has the same func-
tion in vertebrate cells (reviewed in [21]). If sororin is
needed for cohesion in G2, it would thus also be pre-
dicted to be required for DNA DSB repair during this
period of the cell cycle.
To test this possibility, we depleted sororin from cells
synchronized by double thymidine arrest followed by
a 6 hr release, as shown in Figure 4A. FACS analysis
showed that the vast majority of sororin-depleted cells
had a G2 DNA content at this time, indicating that so-
rorin-depleted cells had completed replication and pro-
gressed to G2 phase (Figure 4D). We then treated cells
for 15 min with etoposide. This small molecule induces
the formation of DNA DSBs by trapping a covalent com-
plex that is formed between topoisomerase II and
cleaved DNA. We used a dose of 5 mM etoposide, which
causes numerous DNA DSBs in every cell, as judged by
staining cells with antibodies to the DNA damage marker
protein gH2AX (data not shown). 1 hr after removal of
etoposide, we treated cells with caffeine, a compound
that inactivates the DNA damage checkpoint and thus
allows cells to enter mitosis in the presence of DNA
DSBs. We added the spindle poison nocodazole at the
same time to arrest cells in mitosis and analyzed the
presence of DNA DSBs by staining spread chromo-
somes with Giemsa. As controls, we also analyzed cells
depleted of Scc1 or Sgo1.
When etoposide-treated control cells were analyzed,
chromosome breaks were seen in only 35% of all mitotic
cells, implying that most cells (65%) had been able to re-
pair their damaged DNA before they had entered mitosis
after the caffeine treatment. A similar number of mitotic
cells with broken chromosomes was seen in Sgo1-
depleted cells (39%), suggesting that these cells had
been able to repair their DNA to a similar extent as con-
trol cells. In contrast, the large majority of Scc1-de-
pleted cells (90%) and of sororin-depleted cells (88%)
contained chromosome breaks, and in most of these
cells, the number of breaks was very high (Figures 4B
and 4C). Similar results were obtained when g-irradia-
tion was used instead of etoposide to induce DNA dam-
age (data not shown). These observations indicate that
(C) Cohesion phenotypes observed in chromosome spreads of
control-, sororin-, and Scc2-depleted cells. To assess depletion effi-
ciencies under the experimental conditions used in (A), HeLa cells
were transfected with the indicated siRNAs in parallel to the experi-
ment shown in (A). 60 hr after transfection, mitotic cells were
collected by shake-off, and Giemsa-stained chromosome spreads
were prepared. Scale bar represents 10 mm.
(D) Quantification of the cohesion phenotypes observed in the exper-
iment shown in (C) (nR 100 per condition).
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of DNA DSBs in G2 cells, consistent with the hypothesis
that sororin is required for cohesion during this period of
the cell cycle.
Figure 3. Sororin Is Required for Cohesion in G2
(A) Schematic representation of the experimental protocol. HeLa
cells were synchronized by double thymidine arrest. After release
from the first thymidine arrest, cells were transfected with siRNAs.
5 hr after release from the second thymidine arrest, cells were sub-
jected to FISH. In a parallel experiment, cells were released for 9 hr
from the second thymidine arrest and chromosome spreads were
prepared.
(B) FISH of control-, sororin-, Scc1-, and Sgo1-depleted G2 cells.
HeLa cells were synchronized as shown in (A). 5 hr after release
from the second thymidine arrest, cells were subjected to FISH
with a probe specific for the trisomic tff1 locus on chromosome
21. Hoechst-stained nuclei (blue) with three pairs of FISH signals
(red) are shown. Higher magnification images of single pairs of
FISH signals are shown in the insets. Scale bar represents 5 mm.
Note that in control- and Sgo1-depleted cells, some paired signals
were too close together to be clearly resolved.
(C) Quantification of the distance between paired FISH signals ob-
tained in the experiment shown in (B) (mean 6 SD; nR 30 per con-
dition). The asterisks denote a significant difference according to
Student’s t test (p < 0.01). Note that only clearly resolved signal pairs
were included in the analysis.
(D) Quantification of mitotic cohesion phenotypes observed with the
experimental protocol shown in (A). 6 hr after release from the sec-
ond thymidine arrest, nocodazole was added for 3 hr. Mitotic cells
were then collected and Giemsa-stained chromosome spreads
were prepared (nR 100 per condition).We also tested in the same experiments how effi-
ciently the different proteins had been depleted by
quantifying precocious separation of sister chromatids
in mitotic cells that had not been treated with etoposide.
This analysis revealed that Sgo1 depletion had caused
a mitotic cohesion defect in many more cells (97%)
than Scc1 (30%) or sororin (35%) depletion. The ability
of cells transfected with Sgo1 siRNAs to repair their
DNA as efficiently as control cells was thus not due to in-
efficient depletion of Sgo1. Instead, these data further
support the notion that Sgo1 is dispensable for cohesion
during G2 phase.
Sororin Is Required for Stable Binding of Cohesin
to Chromatin in G2 Cells
In G2 cells, a subpopulation of chromatin-associated
cohesin complexes binds to chromatin very stably,
with an average residence time of several hours [4].
The persistence of these cohesin complexes on DNA
would be long enough to mediate cohesion from S
phase until mitosis. Moreover, generation of this cohe-
sin population is inhibited by compounds that block
DNA replication and thus prevent the establishment of
cohesion. It has therefore been proposed that the stably
chromatin-bound cohesin population represents cohe-
sin complexes that have established cohesion [4]. This
hypothesis, combined with our observation that sororin
is required for cohesion in G2, raised the question of
whether sororin is required for the stable binding of
cohesin to chromatin.
To test this possibility, we analyzed the dynamics of
the cohesin-chromatin interaction in fluorescence re-
covery after photobleaching (FRAP) experiments [4].
We depleted sororin from cells that stably expressed
Smc1-EGFP [12] and that had been synchronized as in
Figure 3A. Cells were released for 5 hr from the second
thymidine arrest to allow entry into G2, part of the nu-
cleus was photobleached in selected cells, and the
loss of the GFP signal from the unbleached nuclear
region and the recovery of the signal in the bleached
nuclear region were measured for 150 min (Figure 5A).
We analyzed the redistribution kinetics of chromatin-
bound cohesin by plotting the difference between loss
and recovery over time and by fitting the resulting data
sets with exponential functions (Figure 5B). As previ-
ously shown [4, 12], this analysis indicated that two
distinct populations of chromatin-associated cohesin
existed in G2 cells, one that had a relatively short
residence time on chromatin of 86 1 min (51% of bound
cohesin), and another one that bound to chromatin with
a residence time of about 5 hr (49% of bound cohesin)
(Figure 5C and data not shown).
When we analyzed the redistribution kinetics of Smc1-
EGFP in sororin-depleted G2 cells, we could still detect
two populations of chromatin-associated cohesin, but
their ratio was significantly different. In these cells,
only 26% of chromatin-associated cohesin was stably
bound (as opposed to 49% in control cells), and 74%
of cohesin was bound to chromatin dynamically (Fig-
ure 5C). This effect was not due to defects in DNA repli-
cation, because all cells that we analyzed by FRAP had
a G2 DNA content, as measured by quantifying the in-
tensity of nuclear Hoechst staining (Figure 5D). The no-
tion that sororin-depleted cells were able to replicate
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DNA DSB Repair in G2
(A) Schematic representation of the experi-
mental protocol. HeLa cells were synchro-
nized by double thymidine arrest and trans-
fected with siRNAs similar to the protocol
shown in Figure 3A. 6 hr after release from
the second thymidine arrest, cell-cycle pro-
gression to G2 was verified by FACS. DNA
DSB were induced by addition of etoposide
for 15 min. 1 hr later, caffeine and nocodazole
(noc) were added for 4 hr. Cells were then
collected and Giemsa-stained chromosome
spreads were prepared.
(B) DNA DSB phenotypes observed in
control-, sororin-, Scc1-, and Sgo1-depleted
cells. HeLa cells were synchronized and
treated as shown in (A). Scale bar represents
10 mm.
(C) Quantification of DNA DSB phenotypes
observed in the experiment shown in (B)
(nR 120 per condition).
(D) FACS before DNA DSB induction. HeLa
cells were synchronized and treated as
shown in (A). 6 hr after release from the sec-
ond thymidine arrest, cells were processed
for FACS analysis.DNA was also supported by DNA content FACS analy-
ses (Figure 4D and data not shown) and by our FISH
data (Figure 3). We therefore conclude that sororin is re-
quired for the generation of normal amounts of stably
chromatin-bound cohesin. It is possible that the small
amount of stably chromatin-bound cohesin that we de-
tected in sororin-depleted cells had been generated by
residual amounts of sororin, but we also can not excludethe possibility that stable cohesin-chromatin inter-
actions can be formed with reduced efficiency in the
absence of sororin.
Conclusions
Our work implies that sororin interacts with cohesin on
chromatin and functions there during interphase to sup-
port sister chromatid cohesion. The temporal resolutionFigure 5. Sororin Is Required for the Stable
Interaction Mode of Cohesin with Chromatin
(A) Dynamics of chromatin-bound Smc1-
EGFP in control- and sororin-depleted G2
cells. HeLa cells stably expressing Smc1-
EGFP were synchronized by double thy-
midine arrest. After release from the first
thymidine arrest, cells were transfected with
siRNAs as indicated. 5 hr after release from
the second thymidine arrest, the entire
Smc1-EGFP fluorescence except for a small
nuclear region was photobleached, and the
fluorescence intensities in bleached and
unbleached nuclear regions were followed
by time-lapse microscopy. White square, un-
bleached region; dashed circle, nucleus.
Scale bar represents 10 mm.
(B) Kinetics of Smc1-EGFP dissociation from
chromatin observed in the experiment shown
in (A). The difference in mean fluorescence
intensity between bleached and unbleached
nuclear regions, normalized to the first post-
bleach frame, is plotted over time. Represen-
tative data sets obtained from individual cells
are shown (blue diamonds, control-depleted
cell; red diamonds, sororin-depleted cell). Solid lines show the fit of a biexponential function to the individual data sets.
(C) Quantification of stably chromatin-bound Smc1-EGFP in control- and sororin-depleted cells. Stably chromatin-bound fractions of Smc1-
EGFP were determined by fitting biexponential functions to individual FRAP data sets as shown in (B). Stably chromatin-bound Smc1-EGFP
is shown as a percentage of total chromatin-bound Smc1-EGFP (mean6 SD; nR 10 per condition). The asterisk denotes a significant difference
according to Student’s t test (p < 0.01).
(D) Quantification of nuclear DNA in control- and sororin-depleted G2 cells and in G1/S cells. Nuclear Hoechst staining intensities were deter-
mined from prebleach images of control- and sororin-depleted cells from the experiment shown in (C) (mean6SD; nR 10 per condition). Nuclear
Hoechst staining intensities of cells synchronized at G1/S by thymidine arrest were measured in the same way (mean 6 SD, n = 40).
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distinguish between functions of sororin in establish-
ment and maintenance of cohesion, but our finding that
FISH-labeled sister chromatids are further separated
than normally in most G2 cells that we analyzed is con-
sistent with the possibility that sororin is already required
for establishment of cohesion during S phase. So far only
one other protein is known to be specifically required for
cohesion establishment: the budding yeast acetyltrans-
ferase Eco1/Ctf7 [22–24]. Homologs of this enzyme are
also required for cohesion inDrosophila and human cells
[25, 26], although it is not yet known whether these pro-
teins also function in S phase. It will therefore be interest-
ing to address whether sororin and Eco1/Ctf7 homologs
collaborate to establish cohesion.
In mechanistic terms, the function of sororin remains
unknown, but it is interesting that sororin-depleted cells
are unable to generate normal amounts of stably chro-
matin-bound cohesin complexes. It is possible that so-
rorin is directly required to establish this binding mode
of cohesin. An interesting implication of this possibility
is that the degradation of sororin during mitotic exit
and G1 [7] might help to prevent the precocious forma-
tion of such stable interactions before DNA replication.
Alternatively, sororin could function by stabilizing cohe-
sin-chromatin interactions once they have been estab-
lished. In either case, our finding that sororin is required
for cohesion in G2 and for the stable binding of cohesin
to chromatin provides additional strong support for the
hypothesis [4] that the stably bound population of cohe-
sin represents complexes that have established cohe-
sion. In the future, it will be interesting to study in mech-
anistic terms how sororin functions in establishment
and/or maintenance of cohesion during S and G2 phase.
Supplemental Data
Supplemental Experimental Procedures can be found with this arti-
cle online at http://www.current-biology.com/cgi/content/full/17/7/
630/DC1/.
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